A lthough a number of theories have been proposed over several decades, our understanding of the mechanism of syringomyelia formation in the presence of CM-I remains poor. 1, 4, 16, 17, 28, 29, 35 The available experimental and clinical data suggest that the complexity of CSF flow dynamics allows pressure and volume changes, and this has generated many hypotheses regarding syringomyelia formation. 2, 8, 10, 11, [18] [19] [20] 24, 31, 34, 37, 38, 46, 47 In fact, different patients exhibit different characteristics in terms of flow dynamics, deflections, relationships with the heart rate, breathing movements, and arterial and venous pressures. 3, 19, 36 Regardless of the mechanism, it has been recognized that the restoration of CSF flow in the spinal SSS effectively reduces syringomyelia, especially in the presence of CM-I. 6, 13, 15, 22, 27, 30, 33, 41, 43, 45, 48 There is a broad consensus that a craniocervical decompression leads to dramatic clinical and radiological improvement.
with CM-I-related syringomyelia who underwent, at a single institution, standardized decompressive surgery of the craniocervical junction with arachnoid exploration and cerebellar tonsil reduction.
Methods

Patient Population
All adult patients who underwent posterior fossa decompression for CM-related syringomyelia in the University Hospital of Verona's Department of Neurosurgery from January 1990 to January 2001 were included in the study. Clinical history, radiographic findings, and surgical outcomes were retrospectively assessed in cases treated between 1990 and 1994 by reviewing charts and radiological documentation. Patients were enrolled prospectively from 1994 to 2001. Exclusion criteria were age less than 18 years, previous cranial or spinal surgery, contraindications to undergoing MRI, arachnoiditis, CM Type II, and the presence of communicating syringomyelia. A CM Type 0 was not considered an exclusion cause. Fifteen healthy adult volunteers underwent dynamic MRI as radiological assessment controls (mean age 36.4 ± 9.1 years, range 22-54 years). All patients and healthy controls gave informed consent according the Declaration of Helsinki and the requirements of the local ethics committee. The ethics committee at the University of Verona approved the study.
Clinical Status and Imaging
All patients were evaluated preoperatively, at 6 weeks and 6 months after surgery, and then annually during the entire follow-up period. Clinical outcomes included assessments of every clinical feature. Due to the complexity and heterogeneity of the clinical presentation of CM-I, we distinguished the signs and symptoms originating directly from the syrinx (spinal symptoms) from those due to hydrocephalus and brainstem compression (cranial manifestations). Data were uniformly recorded preoperatively and during the entire follow-up period using a dedicated chart. Headache and extremity pain were measured using a VAS.
Preoperative 1-T MRI (Magnetom Impact, Siemens) of the head and cervicothoracic spine was performed preoperatively in all but one case. Since 1994, preoperative dynamic phase-contrast MR images with cine mode have been acquired in all cases. All patients underwent dynamic and standard MRI at least every 2 years. Anteroposterior diameters of the SSS at the FM were measured on T1-weighted images in patients and controls. The maximum anteroposterior and craniocaudal diameters of the syrinx were also measured. The same measurements were repeated after surgery.
Surgical Procedure
The surgical technique was standardized throughout the study period, as previously reported. 36 Briefly, patients underwent a small suboccipital craniectomy (with sparing of both occipital condyles) and removal of C-1. The mean area (± SD) of the craniectomy was 0.9 ± 0.3 in 2 . A partial or total C-2 removal was performed if the tonsillar descent was below C-1. An arachnoid opening with tonsillar coagulation was performed in all cases. Visual inspections for arachnoid adhesions and exploration of foramen of Magendie were routinely performed (Fig.  1) . Any arachnoid adhesions were lysed. All patients underwent duraplasty to recreate the cisterna magna. Due to the long duration of the study, different autologous or heterologous dura substitutes were used. Regardless, in all cases the duraplasty was watertight, performed with running sutures and followed by meticulous soft-tissue closure. The application of dural sealants was not necessary.
Statistical Analyses
The data were collected on printed forms and digitalized using Access 2003 software (Microsoft Inc.). Statistical analyses were performed using SPSS (Windows version 19.0, IBM) and GraphPad (GraphPad Software, Inc.). A p value ≤ 0.05 was considered statistically significant. Independent-sample t-tests, Mann-Whitney U-tests, chi-square tests, and Kendall rank correlations (tau-b) were used to compare continuous, categorical, and ordinal data as appropriate. Odds ratios with a 95% CI, the accuracy of classifications (percentage), and positive and negative predictive values of the models were calculated. We assessed correlations between the surgical outcomes and patient age at the time of surgery or the duration of clinical symptoms using nonparametric Spearman tests.
Results
In the period between 1990 and 2001, 111 adult patients with syringomyelia and CM-I underwent operations at the Department of Neurosurgery, University Hospital of Verona. The retrospective study of patients treated between 1990 and 1994 consisted of 43 cases, and the prospective study of those treated from 1994 to 2001 contained 68 patients. Two patients in the retrospective arm were lost to follow-up, and their cases were not further analyzed. Hence, the study cohort was 109 patients in total. Baseline characteristics are shown in Table 1 . The mean age of the population was 45.9 ± 13.7 years (range 18-77 years), and 58.8% of the patients were female. The median follow-up duration was 12.7 years (range 9-15 years). The length of the syrinx varied from 2 to 19 levels (mean 9.7 levels), and most lesions were present in the thoracic spine. In 14 cases the syrinx was holocord.
As shown in Table 1 , 82.5% of all patients presented with signs or symptoms related to the syrinx, and 22.9% of the cohort experienced cranial symptoms. A combination of spinal and cranial symptoms was assessed in 16 individuals. Clinical spinal disturbances included sensory loss, dysesthetic pain, segmental dissociated anesthesia, limb weakness, spasticity, amyotrophy, and sphincter deficiency; cranial symptoms of brainstem compression manifested as cranial nerve neuropathies, uncontrollable hypertension, and tinnitus. Seven percent of the cohort was asymptomatic. The mean duration of symptoms was 64.4 ± 52.6 months (range 1-260 months). The predominant initial presenting symptoms were limb pain or headache (35.8%) ( Table 2) , with a mean VAS score of 6.5 ± 2.3 (range 4-10). Sixty-four patients (58.7%) presented with an associated disorder, the most frequent of which were scoliosis, platybasia, and basilar impression ( Table  3) . None of the patients with an associated disorder presented with occipitocervical instability or required an atlantoaxial fusion.
As expected, the preoperative width of the SSS at the FM exhibited severe narrowing (mean ventral anteroposterior diameter 1.3 ± 0.8 mm; mean dorsal anteroposterior diameter 0 mm). The mean extent of the cerebellar tonsils below the FM was 11 ± 8 mm (range 7-23 mm).
There was no perioperative death or neurological deterioration in any of the patients. As shown in Table 4 , the perioperative complication rate was 11%. The most complicated cases occurred in 3 patients (2.7%) with CSF leaks: 2 leaks resolved after application of conservative strategies, but 1 required placement of a ventriculoperitoneal shunt. Other perioperative complications included cerebellar ectopia (1.8%), aseptic meningitis (1.8%), bacterial meningitis (0.9%), deep vein thrombosis of the leg (0.9%), lower urinary tract infection (0.9%), and pneumonia (0.9%).
One year after surgery, 62 (93.9%) of the 66 patients with a symptomatic syrinx reported that their spinal symptoms had improved, and 23 (92%) of the 25 with cranial symptoms reported improvement. The VAS pain scale decreased by a score 3.4 ± 1.1 (range 1-5), which was significant compared with preoperative values (p = 0.02). The 1-year follow-up confirmed the stability of surgical results with clinical amelioration greater than 90% for spinal and cranial manifestations and reduced pain in 88.6% of the individuals. The ventral anteroposterior diameter SSS at the FM was 3.6 ± 1.3 mm postoperatively, whereas the dorsal anteroposterior diameter reached a mean of 12 ± 3 mm. Significant relationships were noted between the recovery rate and symptom duration (Spearman correlation test rS = -0.221; p = 0.03) and age at the time of surgery (rS = -0.344; p = 0.002), as well between radiological results and symptom duration (rS = -0.332; p = 0.05) and age at the time of surgery (rS = -0.274; p = 0.04). As a result, the regression analysis showed that the most favorable combination of clinical and radiological outcome predictors was age and duration of symptoms. Overall, clinical (93.4%) and radiological (84.4%) improvement was stable for the entire follow-up period. However, the radiological results were noticeably inferior compared with the clinical effects. As shown in Table 5 , postoperative MRI showed gradual shrinkage and complete disappearance of the syrinx in 32 cases (29.3%), as well as reductions in 62 individuals (56.9%) (Fig. 2) . Four patients (3.6%) died during the follow-up period. The causes of death were myocardial infarction, deep vein thrombosis and fatal pulmonary embolism, metastasized lung carcinoma, and car accident. We documented 2 cases of radiological reappearance of the syrinx, without clinical worsening, 85 and 124 months after surgery. Neither of these 2 patients underwent additional surgery. The results remained stable over the entire follow-up period.
Discussion
This combined retrospective and prospective cohort study describes the long-term clinical and radiological outcomes of consecutive patients with syringomyelia associated with CM-I who underwent surgery between 1989 and 2001. Overall, the results confirm that posterior fossa decompression yields high rates of radiological (84.4%) and clinical (93.4%) improvement and a low complication rate. Our data are not dissimilar from those reported in previously published studies, 5, 12, 21, 26, 32, 43 and the complication rate reflects that seen in eminent past publications. 23, 44 The improvements were stable during long-term surveillance. Equally noteworthy is that the duration of symptoms and the age at surgery were sig- nificantly correlated with the postoperative clinical and radiological courses. As previously described, this simple technique can improve or eliminate both spinal and cranial symptoms. 13 Whether it is necessary to open the arachnoid space is a matter of dispute. Some authors indicate that the inner dural layer and arachnoid should be left intact to avoid CSF leakages. 23, 40 In the present cohort the rate of CSF fistulas was less than 3% after watertight duraplasty and meticulous soft-tissue closure without dural sealant. In our patients with CSF leaks, 2 leaks were repaired using conservative treatment, and 1 leak required placement of a ventriculoperitoneal shunt. This complication rate matches statistically with other large series in which surgery involved arachnoid sparing. 23 The motivation for opening the arachnoid is, in our opinion, to detect arachnoid adhesions and to create an artificial communicating cisterna magna. We think that this can prevent recurrences of syringomyelia. However, because similar results have been obtained with many different techniques (for example, bone removal, bone removal with durotomy, and bone removal with duraplasty without arachnoid opening), 2, 9, 12, 23, 26, 35, 39, 48 our argument is not conclusive.
A study in a large series of patients found that the mean age at onset of syringomyelia in CM-I was 25 years, and women accounted for 75% of the patients. 32 The majority of the patients in our series were also women (59.8%), but the mean age was considerably higher (45.9 years). This is probably due to different referral mechanisms, cultural differences, or the necessary association with CM-I . Since syringomyelia develops late in CM-I, it is possible that the natural evolution of the CM-I process is syrinx development. Moreover, we confirmed statistically that longer duration of symptomatology and older age at surgery negatively influenced outcome. This finding suggests that, while indications of appropriate treatment for CM-I are controversial, 42 surgery should be performed early in the presence of syringomyelia.
The present study has several limitations. It was observational, and mixed prospective and retrospective data were collected over a period of 16 years. In addition, dynamic phase contrast MRI has only been routinely performed since 1994. Consequently, the cohort is highly heterogeneous, and the results must be interpreted with these considerations in mind. Because clinical signs and symptoms are complex and vary from patient to patient, we simplified the clinical features into cranial (due to brainstem compression or hydrocephalus) and spinal (caused by the syrinx). This simplification can result in a loss of information. However, it is notable the surgical procedure was equivalent in all cases, and study enrollment was limited to CM-I patients presenting with a syrinx.
Although rare, failures of this surgery should be carefully analyzed. We report 2 cases of cerebellar ptosis. Although the patients do not have symptoms, it is important to know if the decompression was adequate or excessive or if the patients have concomitant etiologies of the syrinx besides CM-I. The lack of symptoms may be due to the artificial cisterna magna, one of whose functions is the hypothetical prevention of postsurgical cerebellar ectopia. In our patients with cerebellar ectopia, further treatment was not required. Even in the long-term followup the patients' conditions remained stable. The artificial cisterna magna may prevent severe clinical impairments. Moreover, in 2 cases the syrinx reappeared on radiological examinations performed more than 7 years after surgery without any evident correlation with risk factors. The pathophysiology of the recurring CSF blockages in these patients remains unclear.
Conclusions
The clinical manifestations of syringomyelia related to CM-I are directly attributable to compression of the brainstem and/or cranial nerves, syrinx, and CSF drainage obstruction or hydrocephalus.
Surgical decompression with durotomy, arachnoid opening, tonsillar shrinkage, and re-creation of the cisterna magna is a safe and effective procedure. The prognosis is excellent, with global clinical improvement and radiological improvement in greater than 90% and greater than 80% of patients, respectively. Definite clinical predictors of poor clinical and radiological prognosis were identified-namely, age at the time of surgery and symptom duration.
The results of this study provide additional data that support the effectiveness and safety of treating CSF flow obstruction by performing craniocervical decompression and artificial cisterna magna re-creation.
Disclosure
The authors report no conflict of interest concerning the materials or methods used in this study or the findings specified in this paper.
Author contributions to the study and manuscript preparation include the following. Conception and design: Alfieri. Acquisition of data: both authors. Drafting the article: Alfieri. Critically revising the article: both authors. Reviewed submitted version of manuscript: both authors. Approved the final version of the manuscript on behalf of both authors: Alfieri. Statistical analysis: Alfieri. Administrative/ technical/material support: Pinna. Study supervision: Pinna.
